Substrate-electron acceptor combinations and specific metabolic inhibitors were applied to anoxic saltmarsh sediment spiked with mercuric ions (Hg2+) in an effort to identify, by a direct approach, the microorganisms responsible for the synthesis of hazardous monomethylmerctry. 2-Bromoethane sulfonate (30 mM), a specific inhibitor of methanogens, increased monomethylmercury synthesis, whereas sodium molybdate (20 mM), a specific inhibitor of sulfate reducers, decreased Hg2+ methylation by more than 95%. Anaerobic enrichment and isolation procedures yielded a Desulfovibrio desulfuricans culture that vigorously methylated Hg2+ in culture solution and also in samples of presterilized sediment. The Hg2+ methylation activity of sulfate reducers is fully expressed only when sulfate is limiting and fermentable organic substrates are available. To date, sulfate reducers have not been suspected of Hg2+ methylation. Identification of these bacteria as the principal methylators of Hg2+ in anoxic sediments raises questions about the environmental relevance of previous pure culture-based methylation work.
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The ecological and health effects of mercury pollution are greatly exacerbated by environmental transformation of the less hazardous forms of this metal to extremely toxic and biomagnification-prone methylmercury compounds (10) . Synthesis of monomethylmercury (CH3Hg'), first reported in 1969 (11) , occurs primarily but not exclusively in anoxic aquatic sediments. Although some abiotic methylation by humic compounds has been reported (14, 15) , this process accounts for less than 1/10 of the methylmercury formed by methylation by sediment microorganisms (M. H. Berman and R. Bartha, Bull. Environ. Contam. Toxicol., in press). Numerous microbial isolates and their cell extracts and the microbial coenzyme methylcobalamin are capable of converting mercuric ions (Hg2+) to CH3Hg' (19) , but the identity of the microorganisms that are actually responsible for Hg2+ methylation in anoxic sediments has never been determined. To assume that Hg2+ methylators in sediments must be identical with those that methylate Hg> in laboratory experiments performed on pure cultures would be an unwarranted and potentially misleading extrapolation.
The identity of Hg2 -methylating microbial populations in anoxic sediments is of more than theoretical interest. Any selective measure to prevent or control this detrimental process requires a prior knowledge of the causative microorganisms and their metabolic pathways. We report here a series of inhibition-stimulation experiments performed directly on low-salinity anoxic estuarine sediment samples. These tests have unequivocally identified sulfate-reducing bacteria as the principal methylators of Hg2+ in such sediments. Previous studies on pure cultures have failed to anticipate this finding.
MATERIALS AND METHODS
Experiments on sediment. Salinity, redox potential, pH, and other sediment characteristics were measured as described previously (4) . An anoxic (Eh = -220 mV), low-salinity (0.4%), neutral (pH 6.8) 17 to 20% by ignition) was collected at a depth of 10 to 30 cm by hand corer in Cheesequake State Park, N.J. The cores (5 by 25 cm) were immediately sealed in plastic liners and, after transport to the laboratory, placed in a PACE 6500 anaerobic chamber (Labline Instruments, Melrose Park, Ill.). The chamber was operated with a gas mixture consisting of 92% N2, 3% H2, and 5% CO2. Methylene blue indicator remained reduced in the chamber. The H2 and CO2 in the chamber gas mixture increased methane production less than 5% as compared with sediment samples that had the above gas mixture replaced by 100% (02-free) N2. All ensuing work with sediment samples was performed in this chamber under strictly anaerobic conditions. The sediments were slurried with deoxygenated salt solution (0.4%) prepared from a commercial sea salt mix (Seven Seas Marine Mix, Utility Chemical Co., Paterson, N.J.) which contained all of the major ionic constituents, including sulfate, in amounts proportional to those found in natural seawater. Slurries were prepared to contain approximately 16 g of dry sediment 100 ml-', a dilution of 3 parts water to 1 part wet sediment.
Portions (30 ml) of this slurry were dispensed in 50-ml serum bottles sealed with butyl rubber stoppers. All additions of substrates, inhibitors, and mercury were made by syringe through the septa. Mercury was added as the bichloride (HgCI2) at 75 ,ug g ofdry sediment-1. After incubation at 25°C, the slurries were extracted by the method of Longbottom (13) , and monomethylmercury was determined by gas chromatography with electron capture detection (5 mM s042-and were incubated for 72 h (see Fig. 1 and 2). The sulfide formed was then determined. To ascertain that Na2MoO4 did not interfere with the availability of the mercury spike for methylation, during a 6-day incubation period, 1-ml amounts of the Na2MoO4-Hg2+-spiked and control sediments were withdrawn and reacted for 1 h with 0.4 mM methylcobalamin (Sigma). The (12) . The products of fermentative metabolism serve as substrates for organisms using the other three modes of metabolism: fermentation products are oxidized while the generated electrons reduce nitrate, sulfate, or carbonate at progressively decreasing redox potentials. When we supplemented HgCl2-spiked sediment slurries with various substrates with and without electron acceptors (Table 1), pyruvate more than tripled CH3Hg' synthesis as compared with an unsupplemented control. All other substrates actually suppressed CH3Hg' synthesis. In a separate experiment, a H2-CO2 gas atmosphere (20 and 80%, respectively) was employed to enrich methanogenic activity. This treatment increased the amount of methane evolved from sediment samples by a factor of four over controls (data not shown), but no methylmercury was detected in these samples. Concerning the unique stimulation of Hg2+ methylation by pyruvate in anoxic sediment, it is important to note that this substrate can be utilized by sulfate reducers fermentatively, i.e., in the absence of sulfate (17) . But faced with a universal consensus that sulfate reducers hinder rather than promote methylation by precipitating Hg2+ as HgS (10, 19) we initially were very reluctant to assign these organisms a positive role.
As a different approach to determine the contribution of various metabolic groups to CH3Hg' synthesis, Hg2+-spiked sediment slurries were treated with 30 mM BESA, a specific inhibitor of methanogenesis (7). (Fig. 1) . Measurements of So42-reduced (8) (21) .
Enrichment and isolation procedures. Concurrently with the described stimulation-inhibition experiments conducted directly in sediment, enrichments were performed to obtain a pure culture of the principal methylating population. From the enrichments described in Table 2 , only pyruvate and lactate-sulfate gave positive results in terms of Hg2+ methylation. When serial transfers eliminated sediment, Hg2+ methylation activity persisted and even increased in these enrichments. On anaerobic roll tubes, five colony / I types were obtained, including sulfate reducers that were conspicuous by blackening of the agar medium due to FeS production. The five isolated cultures were individually tested for their ability to synthesize CH3Hg+. Fig. 1 and 2 ) leave no doubt that the sulfate reducers are the principal Hg2+ methylators in anoxic saltmarsh sediment, their methylating potential is fully expressed only when sulfate is limiting and carbon sources are available that can also be utilized in the absence of sulfate. If sulfate is abundant, organic substrates are utilized more efficiently than in its absence, but the H2S generated by sulfate respiration interferes with the methylation of Hg2+ by precipitating it as HgS. In addition, product inhibition of sulfate reducers occurs at high H2S levels (17) .
To 
